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ARTICLE INFO ABSTRACT

Keywords: Tumor growth depends on angiogenesis, a process by which new blood vessel are formed from
Angiostatin pre-existing normal blood vessels. Proteolytic fragments of plasminogen, containing varying
Angiogenesis

numbers of plasminogen kringle domains, collectively known as angiostatin, are a naturally

;un'llc;r:l metasta51s occurring inhibitor of angiogenesis and inhibit tumor growth. We have developed an “affinity-
acillolysin . . P

ysin capture reactor” that enables a single-step method for the production/purification of an
Metalloproteinase

angiostatin-like plasminogen fragment from human plasma using an immobilized bacterial
metalloproteinase. The resulting fragment, named BL-angiostatin, contains one or two glycosyl
chains and the N-terminal PAN module, which are not present in canonical angiostatins tested for
cancer treatment. BL-angiostatin inhibited angiogenesis in vitro at 20 nM and the growth of both
allograft and human xenograft tumors as well as lung metastasis of primary tumors mice at
0.3-10 mg kg L. Derivatives of BL angiostatin lacking the PAN module or the terminal sialic acids
in the glycosyl chains showed reduced anti-angiogenic activity in vivo, suggesting a role for these
functions in activity, possibly via conferring a pharmacokinetic advantage to BL angiostatin
compared to recombinant angiostatin lacking both features. These results highlight the potential
of BL-angiostatin for therapeutic applications.

1. Introduction

Angiostatin, a proteolytic fragment of plasminogen, is a naturally occurring inhibitor of angiogenesis and suppresses tumor growth
[1,2]. Several proteases including matrix metalloproteinases [3,4], a metalloelastase [5,6], and tissue kallikreins [7,8], as well as
plasmin autoproteolysis [9-11] can be involved in the generation of angiostatin from plasminogen. Angiostatin targets several mol-
ecules including cell surface F1-Fo ATP synthase [12], angiomotin [13], integrins [14], annexin II [15], resulting in inhibition of
endothelial cell migration/proliferation and induction of apoptosis [16].

Native angiostatin occurs in some glycoforms, and a specific form of Thr’*®-O-glycosylation may influence angiostatin activity
[17]. The production of natural glycoform angiostatin can be achieved by proteolytic cleavage of plasminogen, which requires
plasminogen purification, a limited proteolytic cleavage using a suitable protease, and purification of the resulting angiostatin, which
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Abbreviations

Asialo-BLAS a BL-angiostatin derivative lacking sialic acids at the termini of glycosyl chains
AUC area under the drug concentration-time curve

BLAS BL-angiostatin

BLMA  bacillolysin MA

DAS dorsal air sack

DesPAN-BLAS a BL-angiostatin derivative lacking the N-terminal PAN module

HE hematoxylin-eosin

HUVEC human umbilical vein endothelial cells
IQR interquartile range

LLC Lewis lung carcinoma

S180 mouse sarcoma-180

SEM standard error of the mean

t1/2 half-life

VEGF vascular endothelial growth factor

require careful quality control [2] and limit its use to production for a therapeutic use. Recombinant angiostatins have been developed
and tested for safety and efficacy [19,20], whereas recombinant angiostatins are not yet approved, possibly because of concerns about
efficacy.

We have developed an “affinity-capture reactor” that allows a single-step method for the production/purification of an angiostatin-
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Fig. 1. Production/purification of BLAS using the BLMA/Lys affinity-capture reactor. (A) Diagram showing the production/purification of BLAS
using the BLMA/Lys affinity-capture reactor, where: (1) plasminogen comprises 0.25 % of other plasma proteins which may prevent specific
proteolysis of plasminogen to form angiostatin; (2) the reactor captures/concentrates plasminogen via the lysine moiety, (3) allowing plasminogen
cleavage by the co-immobilized BLMA; (4) BLAS, the resulting N-terminal fragment, is retained on the reactor, and the C-terminal fragment is
washed away; (5) BLAS is recovered by elution with 6-aminohexanoic acid; and (6) the reactor can be used repeatedly for long periods of time.
Reproduced from ref. 20. (B) Representative results of the production/purification of BLAS. A result of reduced SDS-polyacrylamide gel (7.5 %)
electrophoresis analysis of samples obtained from 7 cycles of the reactor operation is shown. Uncropped gel image is provided as a supplementary
material (Uncropped gel image for Fig. 1B). (C) Schematic representation of the structure of BLAS. Human plasminogen exists in two glycoforms:
glycoform I, which contains both Asn?®°-N-linked and Thr3*®-O-linked oligosaccharides, and glycoform II, which contains only the latter. Thus, the
BLAS molecule resulting from the affinity-capture reactor process consists of two glycoforms corresponding to the respective plasminogen glyco-
forms. The zigzag line represents an oligosaccharide chain, and the circle at the end of the zigzag line represents sialic acid(s). Each of the plasmin
domains is shown as a circle with a caption.
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like plasminogen fragment from human plasma using an immobilized bacterial metalloproteinase [20]. The reactor consists of
bacillolysin-MA (BLMA) [21] as a protease for specific plasminogen cleavage and lysine as an affinity ligand for plasminogen capture,
allowing plasminogen concentration/cleavage and purification of the resulting angiostatin fragment (designated BL-angiostatin;
BLAS) simultaneously [19]. BLAS contains the natural glycosyl chain(s) of plasminogen as well as the N-terminal PAN module,
making BLAS unique among the reported angiostatins [20].

In this paper, we describe the anti-angiogenic activities of BLAS, suggesting a role for sialic acid residues at the termini of glycosyl
chains and the PAN module of BLAS in anti-angiogenic activity in vivo. In addition, we report the antitumor and anti-metastatic po-
tentials of BLAS and the use of BLMA for the in vivo generation of BLAS-like plasminogen fragments in mice. Recent studies have
implicated angiostatin in the modulation of endothelial dysfunction, dementia, and inflammation [22-26]. Our data highlight the
potential for the use of BLAS in the treatment of cancer and these diseases.

2. Materials and methods
2.1. Materials

BLMA was purified from a culture of Bacillus megaterium A9542 as described previously [5]. The BLMA/Lys affinity-capture reactor
was prepared by immobilizing BLMA on HiTrap NHS-activated HP (Cytiva, Tokyo, Japan), followed by coupling with lysine to allow
plasminogen binding to the beads [20]. Briefly, one volume of HiTrap NHS-activated HP, pre-equilibrated with buffer A (0.1 M
NaHCOs, 0.5 M NaCl and 0.65 M isopropanol, pH 8.3) was incubated with two volumes of BLMA solution (0.2 mg ml~! in buffer A) for
2 h at room temperature. After draining the enzyme solution, the gel was further incubated with two volumes of 0.2 M lysine in 0.65 M
isopropanol, aq, pH 8, for 2 h at room temperature. Finally, the gel was washed with 50 vol of buffer B (25 mM sodium phosphate and
0.65 M isopropanol, pH 7.4) and stored in buffer B containing 3.1 mM sodium azide at 4 °C until use. Human citrated plasma was
kindly provided by the Tokyo-Nishi Red Cross Blood Center (Tachikawa, Japan). Mouse Lewis lung carcinoma (LLC; TKG 0153), mouse
sarcoma-180 (S180; TKG 0173), human colorectal carcinoma COLO 205 (TKG 0457), and human prostate cancer PC-3 (TKG 0600) cell
lines obtained from the Cell Resource Center for Biomedical Research, Institute of Development, Aging and Cancer, Tohoku University
(Sendai, Japan), and human ovarian adenocarcinoma SK-OV-3 cell line (HTB-77), obtained from ATCC (Manassas, VA, USA), were
cultured according to the supplier’s recommendations.

2.2. Production/purification of BLAS using the BLMA/Lys affinity-capture reactor

The BLMA/Lys affinity-capture reactor was operated at 4 °C as follows (see a schematic diagram of the affinity capture process in
Fig. 1A). Human citrated plasma containing 0.65 M isopropanol was centrifuged at 15,000xg for 20 min. The resulting supernatant
(90 mL) was added to a 10-mL reactor pre-equilibrated with buffer B for 1 h. The reactor was washed with 300 mL of buffer B con-
taining 0.5 M NacCl for 1.5 h. BLAS was eluted with 50 mL of 0.2 M 6-aminohexanoic acid containing 0.65 M isopropanol for 0.5 h, and
10-mL fractions of the eluate were collected. BLAS was recovered from the second and third fractions.

2.3. Preparation of BLAS derivatives

We prepared a BLAS derivative lacking the N-terminal PAN module (desPAN-BLAS) and that lacking sialic acids at the ends of
glycosyl chains (asialo-BLAS) by treating BLAS with HiTrap NHS-activated HP coupled with plasmin and exosialidase, respectively
(plasmin cleaves the Lys’”—Lys’® bond, dissociating the N-terminal PAN module from the main body of the BLAS molecule). Briefly, 1
mg of human plasmin (Wako Pure Chemical, Osaka, Japan) was coupled to 1 mL of HiTrap NHS-activated HP according to the standard
method used for BLMA coupling (see above), except that lysine was not included in the coupling reaction. Neuraminidase (5 units)
from Arthrobacter ureafaciens containing a2-3,6,8 exo-neuraminidase activities (Nacalai Tesque, Kyoto, Japan), was coupled to 1 mL of
HiTrap NHS-activated HP in buffer B without isopropanol, followed by blocking with monoethanolamine. BLAS (1 mg mL™}; 3 mL)
was applied to the plasmin-immobilized column pre-equilibrated with buffer C (50 mM Tris-HCl, pH 7.4, 100 mM NacCl, 0.01 %, wt/
vol, Tween 80) at a rate of 1 mL min ™" at 28 °C, followed by an elution with 2 mL of buffer C. For the neuraminidase-coupled column,
BLAS (3 mg mL*I; 2 mL) was applied in buffer D (0.1 M Na-acetate, pH 5.4, 0.1 M lysine, and 2 mM CaCly) at a rate of 1 mL min~! at
28 °C, followed by an elution with 1 mL of buffer D. Fractions containing good purity were pooled. The amount of sialic acid released
was determined using a fluorescence labelling kit (Takara Bio, Kusatsu, Japan).

2.4. Invitro angiogenesis assay

We assayed in vitro angiogenesis using a coculture of primary human umbilical vein vascular endothelial cells (HUVEC) and human
dermal fibroblast cells using a commercial kit (KZ-1000, Kurabo, Osaka, Japan), in which the coculture was provided in a 24-well plate
format. The medium was refreshed on days 1, 2, 4, 7, and 9. BLAS, at 0, 2, 20, or 200 nM, and vascular endothelial growth factor
(VEGF), at 10 ng mL ! (KZ-1 350, Kurabo), were added to in each medium. As a control, cells were incubated with medium containing
neither BLAS nor VEGF was performed. On day 11, endothelial tubes were stained with anti-CD31 antibody (KZ-1225, Kurabo) after
fixation in 70 % ethanol according to the manufacturer’s instructions.
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2.5. Animal experiments

Animal studies were performed at the Tokyo University of Agriculture and contract laboratories, New Drug Research Laboratories
(Eniwa, Japan), Panapharm Laboratories (Uto, Japan), and Daiichi Pure Chemical (Tokyo, Japan). Animal protocols were approved by
the Tokyo Noko University Animal Experiment Subcommittee or by the institutional review board of the contract laboratories. Animals
were housed in a climate-controlled animal facility, maintained at a temperature of 23 + 2 °C and a relative humidity of 50 + 20 %,
with a structured 12-h light/dark cycle, with the light phase of 8:00 a.m. to 8:00 p.m. Animals were given ad libitum access to standard
chow and water. Crlj:CD1 (ICR) mice, Crl:CD (SD) rats, and CAnN.Cg-Foxn1™/CrlCrlj nude mice were obtained from Charles River
Japan (Yokohama, Japan). Slc:BDF1, KSN/Slc, and BALB/cSlc-nu/nu mice were obtained from Japan SLC (Hamamatsu, Japan).
C57BL/6J mice were obtained from CLEA Japan (Tokyo, Japan) and Sankyo Labo Service (Tokyo Japan). Animals were assigned to
groups after 7—9 days of acclimation.

2.6. Assessment of acute toxicity in mice

On day 0, six-week-old male and female Crlj:CD1 (ICR) mice (n = 5) were intravenously administered vehicle (saline; 10 mL kg’l)
or BLAS at 100 mg kg ™! via a tail vein. General condition was observed daily. On day 14, pathological and anatomical examinations
were performed on organs and tissues of the head and thorax/abdomen; the brain, lungs, heart, liver, stomach, intestines, spleen,
pancreas, kidneys, urinary bladder, and genital organs.

2.7. Plasma "?°I-BLAS kinetics in rats

BLAS was iodinated with Na'2°I using the IODO-GEN method as described previously [21]. The resulting 12°I-BLAS had a specific
radioactivity of 46.2 cpm ng ™!, with 92.3 % of the radioactivity being trichloroacetic acid-precipitable. Eight-week-old Crl:CD (SD)
male rats received an intravenous injection of 1251 BLAS at 1 mg kg’1 from the tail vein (n = 3). Blood (250 pL) was collected in sodium
citrate at 0.083, 0.25, 0.5, 1, 2, 4, 8, 10, 24, and 48 h after the injection to determine total and trichloroacetic acid-precipitable
radioactivity. The plasma level of radioactivity was calculated from the trichloroacetic acid-precipitable radioactivity.

2.8. Evaluation of angiogenesis in vivo using a dorsal air sack (DAS) model in mice

A chamber consisting of two Millipore filters (0.45 pm), which were attached to either side of a 1-cm Millipore ring using Millipore
MF cement [27], was filled with 5 x 10° mouse sarcoma-180 (S180) cells. The resulting chamber was implanted into a DAS created by
injecting 10 mL of air into the back of nine-week-old Crlj:CD-1 (ICR) female mice (day 0). As a negative control, chambers without
tumor cells were used. In the first experiment, saline or BLAS (1 and 10 mg kg~ ') was administered intravenously once a day from day
0 to day 4 to mice bearing S180-encapsulated chambers (n = 10 in each group). In the second experiment, saline, BLAS (0.8 and 8 mg
kg™ 1), DesPAN-BLAS (0.8 and 8 mg kg 1), or asialo-BLAS (0.8 and 8 mg kg~) was administered intravenously once daily from day 0 to
day 4 (n = 6 in each group). Negative control animals received saline alone. On day 5, the chamber was removed under anesthesia, and
meandering vessels >3 mm in length were counted at the DAS chamber contact area on the skin as an index of angiogenesis.

2.9. Evaluation of tumor growth in a syngeneic mouse model

Six-week-old male Slc:BDF1 mice received 1 x 10° LLC cells subcutaneously on the ventral side. Saline or BLAS at a dose of 10 mg
kg~! in a volume of 5 mL kg™! (n = 8 for each group) was administered intravenously via the tail vein once daily for 14 days starting
from the day after the tumor implantation (day 0). On day 15, animals were sacrificed under ether anesthesia, and in situ tumors were
resected. Tumors from three randomly selected animals in the control, 3 mg kg™!, and 10 mg kg~ ' groups were processed for his-
topathological analysis after hematoxylin-eosin (HE) staining and von Willebrand factor immunostaining.

2.10. Evaluation of tumor growth in xenograft models in nude mice

Six-week-old KSN/Slc and BALB/cSlc-nu/nu male mice received 5 x 10° of COLO 205 and PC-3 cells, respectively, subcutaneously
on the ventral side. Saline or BLAS at a dose of 10 mg kg™! in a volume of 5 mL kg™ (n = 8 for each group) was administered
intravenously via the tail vein once daily for 14 days starting from the day after the tumor implantation (day 0). On day 15, animals
were sacrificed under ether anesthesia, and in situ tumors were resected. In another experiment, seven-week-old CAnN.Cg-Foxn1™/
CrlCrlj female nude mice received 5 x 10° of SK-OV-3 cells subcutaneously on the back (day 0). On day 1, an osmotic pump (Alzet
1002, DURECT, Cupertino, CA, USA) containing saline or BLAS was implanted subcutaneously in each mouse (n = 8 for each group).
The rate of fluid release from the pump was 6 L per day, and the dose of BLAS was 3 mg kg ~'. The osmotic pump was replaced every
two weeks. On day 71, animals were sacrificed under CO; anesthesia, and tumors were resected. Tumors of representative size in each
group were processed for histopathological analysis after HE staining and CD31 immunostaining.

2.11. Evaluation of tumor metastasis in mice

Six-week-old male CS7BL/6J mice received 1 x 10° of LLC cells subcutaneously near the right forelimb. When the size of the
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implanted tumor reached to ~1000 mm® in volume, the primary tumor was resected. The next day (day 1), the animals were assigned
to groups based on the size of the primary tumor to ensure that the mean tumor size of each group was balanced. Saline or BLAS (0.3
and 3 mg kg™!) was intraperitoneally administered to each animal once daily from day 1 to day 17 (n = 12 for each group). The normal
animal group (n = 5) did not undergo tumor implantation or intraperitoneal injection. Mice found to be moribund during this period (2
in the control, 2 in the BLAS 3 mg kg~ !, and 3 in the BLAS 3 mg kg ™! groups) were excluded. On day 18, animals were sacrificed under
ether anesthesia, and the lungs were harvested and processed for histological analysis after HE staining to determine metastatic area
versus total lung area from microscopic images.

2.12. In vivo generation of plasminogen fragments in mice after BLMA injection

Six-week-old male CS7BL/6J mice were given an intravenous injection of saline (5 mL kg™) or BLMA at the indicated doses or
saline. At the indicated times, blood was collected from the vena cava under an isoflurane anesthesia in trisodium citrate, phenyl-
methylsulfonyl fluoride (10 mM), and an inhibitor cocktail P8340 (Sigma-Aldrich, Darmstadt, Germany). Aliquots of the resulting
plasma (1 pL) were resolved by nonreduced SDS-polyacrylamide gel electrophoresis on a 7.5 % gel. The gel was processed for
immunoblotting using rabbit anti-mouse plasminogen antibody and horseradish peroxidase-conjugated anti-rabbit IgG (BioLegend,
San Diego, CA, USA).

2.13. Data analysis

Data are expressed as the mean =+ standard error of the mean (SEM) or the median and interquartile range (IQR). Statistical sig-
nificance was tested using the Kruskal-Wallis test followed by the Shirley-Williams test or the nonparametric Dunnett’s test with a joint
ranking method for multiple comparisons with the control group, and the Brunner-Munzel test for comparison between two groups. P

values less than 5 % were considered significant. For the Shirley-Williams test, test statistics exceeding a 5 % critical value were
considered significant. Where mentioned, outliers detected by the Smirnov-Grubbs rejection test were excluded from the analyses.

3. Results
3.1. Production/purification of BLAS

A 10-mL BLMA/Lys affinity-capture reactor (Fig. 1A) yielded 4—6 mg of BLAS from 90 mL human plasma in a single cycle. The
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Fig. 2. BLAS inhibits angiogenesis in vitro. HUVEC/fibroblast cocultures were treated with VEGF (10 ng mL ™) to induce tube formation. Repre-
sentative microscopic images for (A) no VEGF negative control, (B) VEGF positive control, and (C-E) BLAS at 2, 20, and 200 nM added to VEGF
incubations are shown. (F) The area of endothelial tubes relative to the total field area (mean + SEM), calculated for each microscopic image from
triplicate incubations in each group, is shown as a percentage of the positive control value. Bar and box represent the minimum/maximum and IQR,
respectively. The median is shown as a horizontal line in the box. *, statistic >5 % critical value; **, statistic >2.5 % critical value from the Shirley-
Williams test compared with the control group.
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purity of the resulting BLAS was 80-95 %, with plasminogen as the major impurity, as determined by gel electrophoresis (Fig. 1B). The
identity of the BLAS preparation as Glu!—Ser**! of plasminogen and the presence of two glycoforms, glycoforms I and II (see Fig. 1C for
schematics), was confirmed based on previous findings [20].

3.2. Inhibition of angiogenesis in vitro

The anti-angiogenic potential of BLAS was evaluated in vitro using a coculture system of HUVEC and human dermal fibroblasts in
which tube formation was induced by VEGF (Fig. 2A and B). BLAS inhibited the VEGF-induced angiogenesis in a concentration-
dependent manner (Fig. 2C—2E), achieving 50 % inhibition at ~20 nM (Fig. 2F).

3.3. Acute toxicity

As part of the safety evaluation of BLAS prior to pharmacological evaluation, the acute toxicity of a single intravenous dose was
investigated in male and female mice. Compared with saline-treated controls, no changes in systemic symptoms were observed
throughout the observation period from day 0 to day 14 following injection of BLAS at 100 mg kg™!, which was 10-300 times higher
than the pharmacological doses (see below). No changes suggestive of BLAS toxicity, including the dysfunction in the hemostatic
system, such as bleeding, fibrin deposition, and blood flow obstruction, were observed at necropsy on day 14.

3.4. Plasma kinetics

Plasma levels of BLAS injected intravenously into rats appeared to decline in two phases (Fig. 3A). During the first phase, upto 4 h
after dosing, a plasma half-life (t; 2) of 1.5 & 0.2 h was estimated from the plasma decay curve. During the second phase, from 8 to 48
h, the t; /5 was estimated to be 23.6 + 3.9 h, suggesting that BLAS was rapidly distributed to the central compartment, the plasma and
high perfusion tissues such as the liver and kidneys, followed by distribution to other peripheral tissues where BLAS was slowly
cleared. The area under the drug concentration-time curve (AUC) for the plasma BLAS was estimated to be 49.9 + 2.1 g eq. h mL ™! up
to 48 h and 58.2 + 41 pg eq. h mL™! for the total AUC (AUCo_o). From these data, we concluded that daily BLAS treatment could be
suitable for pharmacological evaluation.
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radioactivity were used to calculate plasma '2°I-BLAS levels. Data from three animals are shown. The inset shows the t; » and AUC estimated from
the trichloroacetic acid-precipitable radioactivity data. (B) Change in body weight during the evaluation of BLAS in a DAS angiogenesis model in
mice, where saline or BLAS at the indicated doses was administered intravenously for 5 days prior to angiogenesis assessment. No S180 represents
animals that received a DAS chamber without S180 cells and without BLAS treatment. (C) Summary of the angiogenic index obtained from 10
animals. Bar and box represent the minimum,/maximum and IQR, respectively. The median is shown as a horizontal line in the box. *, statistic >5 %
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3.5. Inhibition of angiogenesis in vivo

The effect of BLAS on tumor-induced angiogenesis was investigated using a DAS model in mice. As shown in Fig. 3C and D, mice
with a DAS chamber containing mouse sarcoma-180 cells developed significantly more neovascularization (median angiogenesis index
6.5; IQR 5—7.25) than rats with a chamber containing no tumor cells (median 0; IQR 0—0). The tumor-induced angiogenesis was
significantly inhibited by daily treatment with BLAS at 1 and 10 mg kg’1 (median 4; IQR 2.5-5, and median 2.5; IQR 0.75—4,
respectively) (Fig. 3C and D) without any adverse effects on the general conditions including body weight of the treated animals
(Fig. 3B).

3.6. BLAS derivatives lacking the PAN module or the terminal sialic acids in the glycosyl chains show reduced anti-angiogenic
activity in vivo.

DesPAN-BLAS, lacking the PAN module, and asialo-BLAS, lacking the terminal sialic acids in the glycosyl chains, were prepared to
evaluate the role of these moieties in the anti-angiogenic activity of BLAS (see Fig. 4A for schematics). The gel electrophoresis results
showed the loss of molecular mass corresponding to the PAN module in desPAN-BLAS (Fig. 4A). In the asialo-BLAS preparation, the
apparent molecular mass changed slightly, and a removal of 2.7 mol of sialic acids per mole of BLAS was estimated from the sialic acid
analysis. These derivatives showed lower activities compared to native BLAS in the DAS angiogenesis model (Fig. 4C). BLAS inhibition
of tumor-induced angiogenesis was significant at 0.8 mg kg~ ! compared to saline control (median angiogenesis index 3.5; IQR 3—4. 25
vs. median 6; IQR, 6—9), whereas inhibition by desPAN-BLAS and asialo-BLAS was insignificant at 0.8 mg kg ! (median 4; IQR 3—4. 25
and median 6; IQR, 4—7, respectively). In addition, asialo-BLAS failed to achieve significant inhibition at 8 mg kg*1 (median 3; IQR
1-6). All doses had no effect on the general condition or body weight of the treated animals (Fig. 4B).

3.6. Suppression of tumor growth in a syngeneic implantation model

BLAS was effective in suppressing the growth of LLC implanted subcutaneously in BDF1 mice. BLAS, at a dose of up to 10 mg kg ~*
per day, did not affect body-weight gain, compared to the saline-treated control group during the 15-day treatment period (Fig. 5A). In
the control group, tumors were visible from day 8 after the tumor implantation. BLAS significantly suppressed the growth of tumor
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symbols). For simplicity, only glycoform I is shown. The right panel shows the result of reduced SDS-polyacrylamide gel (7.5 %) electrophoresis
analysis of the derivatives compared to native BLAS. Uncropped gel image is provided as a supplementary material (Uncropped gel image for
Fig. 4A). (B) Change in body weight during the DAS assay. (C) Summary of the angiogenic index obtained from 6 animals. Bar and box represent the
minimum/maximum and IQR, respectively. The median is shown as a horizontal line in the box. *, P < 0.05 by the nonparametric Dunnett’s test
with a joint ranking method compared with the control group.
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Fig. 5. BLAS inhibits tumor growth in a syngeneic mouse implantation model. LLC-bearing BDF1 mice were treated with intravenous BLAS at the
indicated doses for 14 days. (A) Change in body weight over the treatment period. (B) Change in tumor volume. (C) Tumor volume AUC, which
reflects total tumor growth for comparisons between groups [45]. (D) Tumor weight on day 15. (E) Representative images of tumor sections stained
with HE and with anti-von Willebrand factor (vWF) antibody. Inset shows a high-power image, with a scale bar representing 25 pm. The number of
animals from which data were analyzed was 10 in all groups except 8 in the 1 mg kg™! group, where 2 outliers were eliminated by the
Smirnov-Grubbs rejection test. Bar and box represent the minimum/maximum and IQR, respectively. Median is shown as a horizontal line in the
box. *, statistic >5 % critical value; **, statistic >2.5 % critical value from the Shirley-Williams test compared with the control group.

after daily intravenous injection at 0.3 mg kg ™! or more, as assessed by tumor volume (Fig. 5B and C) and tumor weight (Fig. 5D). The
HE staining and anti-vWF staining of tumor sections (Fig. 5E) indicated that BLAS treatment resulted in extensive necrosis (left panel),
reduced tumor cell division (middle panel), and sparse blood vessels (right panel) compared to the control group.

3.7. Suppression of tumor growth in xenograft models

The antitumor activity of BLAS was confirmed in xenograft models in which human cancer cell lines were implanted in nude mice.
At an intravenous dose of 10 mg kg~ per day, BLAS significantly suppressed the growth of the human colorectal cancer line COLO 205
(Fig. 6A) and the human prostate cancer line PC-3 (Fig. 6B). BLAS delivered via a subcutaneous osmotic pump was also effective in
suppressing the growth of the human ovarian cancer SK-OV-3 line (Fig. 6C), which was associated with extensive necrosis and sparse
blood vessels (Fig. 6D), compared to the control group. Under these conditions, BLAS had no effect on general conditions or body
weight gain.

3.8. Suppression of tumor metastasis

The effect of BLAS on tumor metastasis was evaluated in mice with subcutaneously implanted LLC after resection of the primary
tumor. The median lung weight of the control mice receiving saline was 0.282 g (IQR 0.202—0.321 g), compared to the lungs of normal
mice (median 0.152 g; IQR 0.146—0.176 g). In the mice receiving intraperitoneal BLMA, median lung weights were 0.181 g (IQR
0.169-0.304 g) and 0.157 g (IQR 0.142—0.181 g) in the 0.3 mg kg ! and 3 mg kg~! groups, respectively (Fig. 7A). The increase in the
lung weights was associated with metastatic growth of the tumor. The metastatic area relative to the total lung area in BLAS-treated
mice (median 11.0 %; IQR 5.8—11.7 % and median 11.0 %; IQR 5.8—11.7 % in the 0.3 mg kg ! and 3 mg kg™! groups, respectively)
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Fig. 6. BLAS inhibits tumor growth in xenograft tumor models in nude mice. Nude mice bearing human tumors were treated with BLAS at the
indicated doses. (A) COLO 205-implanted KSN mice received intravenous saline or BLAS daily for 14 days, and tumor weight was determined on day
15. (B) PC-3-implanted Balb/c nude mice received intravenous saline or BLAS daily for 14 days, and tumor weight was determined on day 15. (C)
SK-OV-3-implanted Balb/c nude mice received subcutaneous saline or BLAS via an osmotic pump for 70 days, and tumor weight was determined on
day 71. (D) Representative images of the SK-OV-3 tumor sections stained with HE and with anti-CD31 antibody (CD31). Inset shows a high-power
image, with a scale bar representing 25 pm. Bar and box represent the minimum/maximum and IQR, respectively. The median is shown as a
horizontal line in the box. *, P < 0.05; **, P < 0.01 by the Brunner-Munzel test compared with the control group.

was significantly lower than that in control mice (median 20.9 %; IQR 7.7—26.6 %) (Fig. 7B and C).

3.9. In vivo generation of plasminogen fragments in mice after injection of BLMA

To test the potential of the BLAS-generating enzyme BLMA to promote angiostatin generation in vivo, we intravenously adminis-
tered BLMA intravenously to mice and assessed the levels of plasminogen fragments in the plasma of treated animals by immuno-
blotting. Plasma from control animals contained small amounts of proteins with apparent molecular masses of 52 and 44 kDa that
reacted with an anti-plasminogen antibody (Fig. 8). In the plasma of animals treated with BLMA for 15 min, unique proteins appeared
at 37 and 42 kD, and the intensity of the 42 kDa protein increased with increasing dose of BLMA (Fig. 8A). The intensities of the 37 and
42 kD protein bands were roughly estimated to be less than 10 % of plasminogen (Fig. S1). Plasma levels of the 42 kDa protein were
maintained for up to 45 min (Fig. 8B), suggesting a potential for BLMA administration to promote the generation of the BLAS-like
plasminogen fragment in vivo.

4. Discussion

In this study, we evaluate the anti-angiogenic and antitumor potentials of BLAS, an angiostatin-like plasmin fragment produced
using the affinity-capture reactor, which allows a simple, large-scale production/purification from plasma under mild conditions using
the bacterial metalloproteinase BLMA. Although there are some impurities, which mainly consists of plasminogen, in the BLAS
preparation, we believe that a small amount of the contaminating plasminogen (up to 0.032 pM when taking a level of 10 %
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Fig. 7. BLAS inhibits tumor metastasis after primary tumor resection. Primary tumors derived from subcutaneously implanted LLC were resected
when the size reached to ~1000 mm? in volume (day 0), and the mice received BLAS at the indicated doses daily by intraperitoneal injection daily
for 17 days from day 1. (A) Wet weight of the lungs resected on day 18, and (B) tumor metastatic area calculated from microscopic images of the
lung sections stained with HE. The number of animals from which data were analyzed was 9, 8, and 7 in the control, the 0.3 mg kg~?, and the 3 mg
kg~! groups, respectively, after eliminating outliers by the Smirnov-Grubbs rejection test based on the lung weight (n = 1, 2, and 2, respectively, in
each group). Metastatic area data were not available for one animal in each of the control and the 0.3 mg kg™! groups. Bar and box represent the
minimum/maximum and IQR, respectively. The median is shown as a horizontal line in the box. *, statistic >5 % critical value; **, statistic >2.5 %
critical value from the Shirley-Williams test compared with the control group. (C) Representative images of the HE-stained lung sections where
metastatic lesions were heavily stained with hematoxylin.

contamination in the BLAS given at a pharmacological dose of 1 mg kg™, which gives rise to a plasma BLAS concentration of 0.32 uM
=16 pg mL~}, Fig. 2A) may have no effect taking that this level accounts for 1.3 % of the physiological plasminogen concentration at
~2 pM. In addition, the level of contaminating plasmin activity in three different BLAS preparations were less than 0.3 % compared to
purified human plasmin.

BLAS suppresses tumor-induced angiogenesis in a mouse DAS model at 0.8 mg kg™! or more. The BLAS derivative lacking sialic
acids at the end of the glycosyl chains (asialo-BLAS) shows a significantly reduced activity (less than 1/10 of that of native BLAS) in the
DAS angiogenesis model, suggesting a key role of the glycosyl chain(s). Furthermore, removal of the PAN module reduces activity (the
anti-angiogenic activity of desPAN-BLAS at 0.8 mg kg ! is not significant compared to the control). Thus, the PAN module may
contribute additionally to BLAS activity. Pharmacokinetic advantages may partly explain the high activity of native BLAS. The
intravenously injected recombinant angiostatin K1—3, which lacks the PAN module and the glycosyl chain, has been reported to have
linear pharmacokinetics with a serum half-life of 20 min in humans [18], whereas BLAS is cleared from the circulation in two phases:
with a t; 5 of 1.5 £ 0.2 h for the first distribution phase, followed by a t; 5 of 23.6 + 3.9 h for the elimination phase. This hypothesis is
supported by the findings that non-glycosylated plasminogen [28] and plasminogen without thePAN module [29] are cleared from the
circulation much faster than native plasminogen.

So far, several forms or angiostatins have been identified [30]. Among them, recombinant angiostatins were developed taking
advantage of the ease in large-scale production. One of the recombinant angiostatins clinically tested is angiostatin K1—3, which
consists of the first to the third kringle domains of plasminogen (amino acids 97-357 of plasminogen (Lys’°-V>3® of the mature
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Fig. 8. In vivo generation of plasminogen fragments after BLMA injection. C57BL/6 mice received an intravenous injection of BLMA, and plasma
levels of plasminogen species were assessed by immunoblotting using an anti-mouse plasminogen antibody. (A) Dose dependence. Mice were treated
with the indicated doses of BLMA, and plasma was collected 15 min after injection for evaluation. Control animals received saline. (B) Time course.
Mice were treated with BLMA at 2 mg kg™, and plasma was collected at the indicated time after injection. Control animals received saline, and
plasma was collected 15 min after injection. Representative results are shown. Uncropped gel images are provided as supplementary materials
(Uncropped gel image for Fig. 8A and Uncropped gel image for Fig. 8B).

plasminogen), with an Asn to Glu mutation at position 389 of the mature plasminogen to prevent N-glycosylation [18]. BLAS differs
from the angiostatin K1—3 in that it has an N-terminal PAN module, glycosyl chains, and the kringle 4 domain. BLAS suppresses the
growth of syngeneic and xenogeneic tumors implanted in mice. The antitumor activity is significant at 0.3 mg kg per day in the LLC
implantation model. This BLAS activity appears to be 5—333 times more potent than that of recombinant angiostatin K1—3, which has
been reported to have antitumor activity at 1.5—50 mg kg~! [18] or as high as at 100 mg kg~! per day in mice [31], with a plasma
AUCy_« at 50 mg kg ! per day of 3.4 pgh mL~! [18]. The plasma AUCy_ of 58.2 = 4.1 after a single injection of BLAS in mice at 1 mg
kg ! is 856 times higher than that of recombinant angiostatin K1—3 after dose normalization, again emphasizing the pharmacokinetic
advantage. BLAS suppresses the growth of primary and metastatic tumors, as does recombinant angiostatin [31], but at a dose as low as
0.3 mg kg L.

Angiostatins inhibit tumor growth by blocking the proliferation and migration of vascular endothelial cells. Potential molecules
targeted by angiostatins include endothelial cell surface F1-FO ATP synthase, which maintains intracellular pH in the acidic tumor cell
environment [12,32]. Angiostatin inhibits cell surface F1-FO ATP synthase and decreases intracellular pH, inducing endothelial cell
apoptosis [32,33]. Alternatively, angiostatin binds to the cell surface oyf3-integrin and inhibits plasmin-induced cell migration [14,
34]. In addition, angiomotin binds and internalize angiostatin to activate focal adhesion kinase [13], which regulates cell motility and
adhesion-dependent cell survival [16]. Another potential target of angiostatin is annexin II, which plays a role in the activation of
plasminogen to plasmin [15]. Angiostatin competes with plasminogen for binding to annexin II, thereby inhibiting plasmin-mediated
effects on the angiogenic, invasive, and metastatic capability of tumors [35]. Although we have not addressed the details of the
mechanism of action of BLAS, it may be similar to that reported for angiostatins, since these angiostatin activities appear to be
mediated by interaction between the target and kringle domain(s). Indeed, each of the isolated kringles with lysine binding activity
show similar inhibition of endothelial cell proliferation and migration [30].

In addition to the effect of angiostatin in modulating endothelial dysfunction [22,23,36,37] and inflammation [26,38-40], recent
research has shown a possible link between angiostatin and cognitive function and the development of Alzheimer’s disease [24,25,41,
42]. It is therefore tempting to speculate that the use of pharmacokinetically-advantaged BLAS may be beneficial in controlling these
conditions as well as suppressing tumor growth and metastasis. In addition, increasing in vivo angiostatin generation can be an
alternative means to achieve a goal [43,44]. In this context, we tested the BLAS-generating enzyme BLMA for its potential to generate
angiostatin in mice. The protein that appeared after BLMA injection had a molecular mass of ~42 kDa, which was smaller than the size
of BLAS (50 kDa, calculated from the amino acid sequence) generated using the affinity-capture reactor. Thus, the 42 kD protein
produced in vivo may be a truncated form of BLAS. One of the most likely configurations of the protein is a desPAN-like form. This is
because BLMA can cleave the Leu’*—Phe”® bond in plasminogen [21]. Our approach to promote in vivo angiostatin formation by BLMA
treatment is still preliminary and needs to be further developed. For example, there may be a concern for hypoplasminogenemia,
resulting from excessive cleavage of plasminogen by BLMA, and nonspecific proteolytic consequence. Although, our preliminary
testing suggests that injection of BLMA up to 2 mg kg™ ! has minimal impact on the level of plasminogen in mice (Fig. S1) and that
repeated injections of 2 mg kg~ BLMA, three times a week for two weeks, do not develop any toxic signs, further studies will be
required to establish BLMA-mediated angiostatin formation in vivo.

In conclusion, our results are encouraging for the use of BLAS not only in cancer treatment but also in the control of dementia,
endothelial function, and inflammation associated with various diseases.
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